I. INTRODUCTION
Helicopter has capabilities such as hover, forward flight, side flight and so on, so it becomes a good candidate for a wide range of practical applications including inspection, surveillance, search and rescue, etc [1] [2] . Helicopter is naturally in an environment where the execution of the task can easily be affected by wind. It is a crucial problem for outdoor applications, especially in urban environment [3] . Wind can induce large thrust variations in a helicopter, which can affect stability of the controller and lead to the decline of the flight quality. Improving wind disturbances rejection capability is one of the critical issues which must be considered in the control system design for high-performance autonomous helicopter.
Methods to reduce the influence on the helicopter system caused by wind have been studied continuously over the past several decades. In [4] , the wind disturbance is assumed to be a sum of fixed number of sinusoids with unknown amplitudes, frequencies and phases. A nonlinear controller is designed based on nonlinear adaptive output regulation. To preserve stability and performance of a 7DOF model-scale helicopter under vertical wind gust, two robust control techniques are proposed in [5] . The first one is an approximate feedback linearization. The second robust control is an active disturbance rejection control (ADRC) using the approximate feedback linearization procedure and based on a nonlinear extended state observer control. The paper [6] presents a practical scheme to control heave motion for hover and automatic landing of a Rotary-wing Unmanned Aerial Vehicle (RUAV) in the presence of strong horizontal gusts. Through the construction of an effective gust estimator, a feedback-feedforward controller is developed which uses available measurements from onboard sensors. A hierarchical inner-outer loop-based approach to the longitudinal and lateral control of a small unmanned helicopter in the presence of wind gusts is presented in [7] . The outer loop employs robust H output feedback to attenuate the wind disturbances and track the reference trajectory, while the inner loop controller is proposed to solve the parameter uncertainties problems using robust H static output feedback. In [8] , a nonlinear optimal control scheme which consists of a nonlinear model predictive controller (MPC) and a nonlinear disturbance observer is proposed. The nonlinear disturbance observer is designed to estimate the influence of the external force/torque introduced by wind gust and other disturbances.
Much work has been done in controlling Although so many methods have been proposed to eliminate the influence of the wind disturbances on a helicopter, it is still an open area to researchers. The main purpose of this paper is to design a controller so that helicopter can track the reference trajectories in presence of wind disturbances, and a two time-scale model based adaptive control method is proposed. Based on the Monte Carlo simulations [9] , the helicopter model is divided into fast model and slow model. Different from [10] [11], backstepping control method and inverse dynamic control method are used to design the controllers for the fast and the slow model individually. Different control intervals are used for the two controllers, where the control interval of the slow model is 0.1s and the fast model is 0.01s [9] [12] . The wind disturbances are estimated by UKF and compensation is realized for each sampling period.
The organization of this paper is as follows. In Section 2, the mathematical model of a helicopter is presented. Then section 3 gives the two time-scale model of a wind disturbed helicopter. After presentation of the UKF estimation method in Section 4, the UKF based controller of the helicopter is proposed in Section 5. In Section 6, several simulations of the helicopter under wind disturbances are shown. Finally some conclusions are discussed in Section 7.
Two Time-scale Model Based Adaptive Control for Helicopter under
Unknown Wind Conditions *
II. HELICOPTER MODEL
A nonlinear rigid body helicopter model is given by the differential equation as following [13] :
( ) 
Where u, v and w are the linear velocities along the respective x, y and z axis in body frame; φ , and are the attitude angles; p, q and r are the angular velocities (roll-, pitch-, and yaw-rate); m is the mass of the body; I x , I y and I z are the moments of inertia of the helicopter (the off-axis moment of inertia for a small-scale helicopter is very small and thus ignored for simplicity). The external forces X, Y, Z and torques L, M, N are applied on the center of mass of the helicopter, and can be described as [13] 
Where a 1s and b 1s are the longitudinal and lateral cyclic pitch; 
where
III. TWO TIME-SCALE MODEL BASED WIND MODEL
In this paper, the mathematical model in [4] is used for the wind disturbances, which is a linear combination of N sinusoidal signals.
A ji , i and ji ϕ are unknown amplitudes, frequencies and phases respectively, where j = 1, 2, 3. The j (j = 1, 2, 3) are wind disturbances that affect the linear velocities u, v and w respectively. It is assumed that j can be approximated by the four sinusoidal signals. The purpose of estimating the j is to online reconstruct the controller. UKF is used to ensure that the estimation of j is recursive. Monte Carlo simulations conducted in paper [9] . It is shown that the mean values of the settling time in velocity (u, v, w) and attitude tracking ( φ , ) are 1.9994 s, 1.9937 s, 0.4059 s, and 0.0569 s, 0.0570 s, respectively. According to the characteristic of the helicopter which response time of the attitude angle is much faster than that of the translation velocity, the model can be divided into fast model and slow model. The wind disturbances are considered as external forces that are added into helicopter dynamics, and their effects on attitude can be neglected, which means that the wind disturbances are only considered in the slow model. sin tan cos tan cos sin sin sec cos sec 
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IV. UKF BASED WIND DISTURBANCES ESTIMATION
Compared with the standard UKF, the square-root UKF (SR-UKF) has the same or better estimation accuracy, but the lower computational cost and a consistently increased numerical stability [14] . In this paper, the SR-UKF is used to estimate the wind disturbances by means of joint estimation and the wind disturbances vector are considered as a variable appended onto the system state. In the two time-scale model, the augmented state vectors are defined as 1 2 3 [ , , , , , ]
for the slow model. The SR-UKF algorithm for the augmented state vectors estimation can be seen in [15] .
V. TWO TIME-SCALE MODEL BASED CONTROLLER DESIGN
The architecture of the two time-scale model based controller is shown in Fig.1 . The proposed controller consists of two sub-controllers, i.e. the slow model controller and the fast model controller. The SR-UKF is used in the slow controller to estimate the wind disturbances as a result discussed above.
A. Slow Model Controller
The inverse dynamic control method is used in the position control system. According to the equation (5) 
If the control input s u satisfies equation (11), the tracking error of the slow system will be s → e 0. The controlled system is asymptotically stable.
The true control variables [ , , ] , , δ δ δ are unknown in equation (16) and should be determined reasonably, so it can be guaranteed that the tracking errors of the slow model satisfy the equation (11) . The SR-UKF is the best selected method to estimate the values of 1 2 3 , , δ δ δ , then the equation (11) is satisfied, which makes s → e 0.
B. Fast System Controller
The backstepping control method is adopted in the fast model without considering the effects of the wind disturbances. The equation (8) can be written as Where, 1
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Thus, the fast model is asymptotically stable under the proposed control law.
VI. SIMULATION RESULTS
In our research, simulation has been done and the results show the effectiveness of the proposed control method in the presence of the wind disturbances. The selected parameters of the helicopter model for simulation are shown in Table- 1 [13] .
The initial state for the helicopter is initialized as 0 , and sampling interval is selected as 0.001s. The control interval for the translational velocities is 0.1s in the slow model, and for the angles is 0.01s in the fast model. 
To demonstrate the performance of the proposed adaptive control method, the wind disturbances are assumed as a persistent external force for the helicopter model 
Under the wind conditions, observe the control performance for tracking the desired trajectory:
The tracking performance of linear velocity u with and without UKF estimation in the presence of the wind disturbances are given in Fig.2 . It is shown that without the SR-UKF the helicopter state u has the same variation tendency with the wind disturbance 1 , as shown in Fig.3 . In contrast, the proposed controller with the SR-UKF can manages to quickly stabilize u in presence of wind gust. This is due to the fact that the SR-UKF is used to compensate the effect of the disturbance in the proposed controller. Fig.3 shows the estimation result of the wind disturbance 1 and its actual value. It can be seen that the SR-UKF succeeds in estimate it. The tracking performances of linear velocities v and w are quite similar to that of u. For reasons of space they are not discussed in detail in this paper. A two time-scale model based adaptive control method for helicopter to eliminate effect of wind disturbances is proposed in this paper. The wind disturbances affecting the helicopter are assumed to be a function of time of a fixed structure with unknown parameters. The SR-UKF is employed to estimate the wind disturbances. Then the controller reconfigure according to the estimation. The helicopter is divided into fast model and slow model. Different controller and the SR-UKF are designed for the two models. The time-scale separation method has the ability of reducing order and decoupling. So the parameters of controller are easy to be adjusted and the computational complexity of UKF is reduced. The simulation results show clearly that the proposed scheme can effectively track the reference input, and has the ability to recover the system performance under unknown wind conditions.
